Introduction

24
Internal combustion engines are widespread both in transport as well as in stationary systems 25 for electricity generation, and it is commonly accepted that they will stay in commercial use as 26 a main power source for another 20 years [1] . Increasing engine efficiency, along with lowering 27 exhaust emissions has been the main objective of engine manufacturers to lower their 28 environment impact. In addition, the search for alternative sources of energy to power internal 29 combustion engines continues because of reduction of fossil oil reserves. In the past, significant 30 attention was given to use of fatty acid methyl esters [2-6], oxygenated fuel blends [7] and 31 numerous blends with conventional fuels (Diesel, gasoline) [8] [9] [10] . Additionally products of 32 gasification were utilized in internal combustion engines [11, 12] . Furthermore, the growing 33 problem of disposal of slowly degradable waste, among which car tires represent a big portion, 34 makes waste-to-fuel technologies a logical step towards alternative fuels. 35
Energy recovery from waste tires 36
European Automotive Manufacturers Association estimates that there are approximately 1.35 37 billion vehicles on the roads worldwide [13] , which considering that each has 4 tires results in 38 approximately 5.5 billion tires being used worldwide. An average car tire life span can be 39 considered to be five years [14] and therefore it can be concluded that more than 1 billion waste 40 car tires are generated annually. To reduce environment pollution, a recycling process is highly 41 desirable Furthermore, a high calorific value (35-40 MJ/kg) [15] as well as a considerable 42 amount of carbon black in used vehicle tires rubber stand out as being a good feedstock for fuel 43 production. 44
Several conversion processes have been developed to transform solid waste disposals into liquid 45 fuels which have similar physical characteristics to conventional automotive fuels and could 46 therefore be used in the conventional engines with small adaptations of the engine control. 47 Nowadays, tire recycling pyrolysis methods can be considered as methods that are receiving 48 the most attention, as they can be seen as an environmentally acceptable and efficient way of 49 tire disposal [16] . Among them, for conversion of waste vehicle tires, the most suitable 50 pyrolysis subtype is vacuum pyrolysis [17] . Different studies utilized different temperatures 51 and other process conditions, such as residence time, pressure, and tire particle and feedstock 52 composition to perform de-polymerization of vehicle tires in an inert atmosphere, which had 53 the influence on the ratio between product, consisting of incondensable gasses, tire pyrolysis 54 oil (TPO) and char. However, process conditions can be optimized to favour either of the 55 products [18] . It was found out that the maximum recovery of oil was obtained at 415 °C [19] . 56
Current approaches to utilization of the TPO in Diesel engines 57
Diesel -compression ignition (CI) -engines stand out as being potential power plants for the 58 use of TPO, although either fuel properties or engine operation parameters should be optimized 59 to allow for stable combustion and comparable performance and emissions to Diesel fuel (D2) 60 operation. Current approach to successful operation of Diesel engines with TPO mainly relies 61 on the following strategies ( Fig. 1 
Innovative approach to utilization of the TPO in Diesel engines 94
Apart from methods presented above, increase in temperature at SOI of the main injection can 95 also be achieved by tailoring the injection strategy of a Diesel engine. In case of the TPO, 96 introduction of the pilot injection is a novel approach that allows for the use of the pure TPO in 97 a turbocharged and intercooled engine without any hardware modifications. It is furthermore 98
shown in the paper that additional benefits can be achieved by tailoring the injection timing of 99 the pilot injection, which can be realized in a modern, common rail engine that is seldom 100 analysed in the publically available studies on the TPO. A comparison of existing methods and 101 the proposed method is presented in Fig. 1 
Engine setup 187
The basis of the test set-up is a 4-cylinder, 4-stroke, turbocharged, intercooled 1.6 litre PSA 188 light-duty Diesel engine (model DV6A TED4), which was coupled with a Zöllner B-350AC 189 eddy-current dynamometer controlled by Kristel, Seibt & Co. control system KS ADAC. The 190 main characteristics of the engine are given in Table 2 and the general scheme of the 191 experimental system is presented in Fig. The data acquisition and injection control embedded system, in Two fuel tanks with separate fuel filters were used in the fuel supply system: one for the 211 standard D2 and another for the TPO fuel. An AVL 730 gravimetric balance with the general 212 measuring accuracy of ±0.12% was employed to measure fuel consumption. Intake air flow 213
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was measured with Meriam laminar flow meter 50MC2-6F. Additionally, the engine was fitted 214 with instrumentation for measurement and monitoring temperature and pressure (intake air, 215 exhaust gases, lubrication oil, coolant etc.). 216
The exhaust emissions were analysed and recorded using a portable exhaust monitoring 217 equipment Horiba OBS-2200, which provides accuracy of ±2.5% of full scale. A heated 218 sampling pipe with a temperature of 195°C was used to guide wet exhaust gases from sampling 219 attachment on the exhaust pipe to the measuring device. Horiba emission measurement devices 220 comprise of non-dispersive infrared analyser (NDIR) for detection of carbon monoxide (CO) 221 and carbon dioxide (CO2), flame ionization detector (FID) for detection of total hydrocarbons 222 (THC) and chemiluminescent detector (CLD) for detection of NOx emissions. 223
Fig. 2: A schematic diagram of the experimental setup 225
Test procedure 226
Experiments were performed in thermally stabilized steady-state engine operating points at 227 different engine loads. All experiments were conducted by starting engine with a D2 and 228 afterwards a transition to TPO was performed for entering the part of the experiments matrix 229 related to the TPO, as it is not possible to start the engine with pure TPO due to its low cetane 230 number. Before starting the TPO experiments and following the transition from the D2, the 231 engine was run with TPO for one hour at mid-load to ensure efficient purging of the fuel 232 injection system. In baseline experiments, injection parameters and injection pressure were 233 equal to those in the original ECU injection strategy for warmed up engine and ambient 234 conditions of standard atmosphere. These parameters were then subject to modifications as 235 presented in this section. Modification of injection parameters were performed on all four 236 cylinders with the exception of the cases, which do not feature a pilot injection (denoted by "No 237
Pilot injection" or NP). In these cases, pilot injection was omitted only in the cylinder that was 238 indicated. This was done to avoid engine stops in the cases of unstable combustion with the 239 TPO as analysed in the next section. Besides thermodynamic parameters, exhaust emissions 240 were also measured to provide additional insight into combustion phenomena of the TPO. 241
Thermodynamic analysis 242
To systematically analyse different impacts of injection strategy and to establish a continuity 243 with previous works, e.g.
[24], impact of introducing a pilot injection on combustion 244 characteristics was analysed first. This analysis was performed at engine speed 1500 rpm and 245 two different load points. Results of previous study [24] indicate that operation with pure TPO 246 in turbocharged non-intercooled Diesel engine was feasible only at high loads. Therefore, low-247 to mid-loads were investigated in this analysis. Table 3 lists cases for operating points at 1500 248 rpm, among which cases D2_158 and D2_1514 (the first part of the name corresponds to fuel 249 and the second part to engine speed and load as given in Table 3 ) were indicated while ECU 250 injection strategy was utilized. In order to maintain the same brake mean effective pressure 251 (BMEP) values for D2 and TPO fuel cases, the main injection duration was adapted for the 252 TPO cases TPO_158 and TPO_1514, while SOI values were the same as for D2. Furthermore, 253 in cases D2_NP_158, D2_NP_1514, TPO_NP_158 and TPO_NP_1514 (NP denotes "No Pilot 254 injection"), the injection timing of the main injection was retained while omitting the pilot 255 injection just in the indicated cylinder. Therefore BMEP, calculated from engine torque, is not 256 representative for the cases without pilot injection and will not be presented in the Table 3 for  257 those cases. Additionally, coefficient of variation of the in-cylinder peak pressure, expressed as 258 the ratio between the standard deviation (σ) and the mean value of the maximum pressure 259 averaged over hundred cycles was calculated and presented in the Tables 3 and 4. Lower COV  260 values for the D2 compared to the one of the TPO fuel indicate that combustion process of the 261 D2 is more stable and repeatable than the one of the TPO fuel. 262 
Emission analysis 292
Emission analyses were performed for basic exhaust gas species -THC, CO and NOx. 293
Emissions of CO2 and H2O will not be discussed here, as they directly correlate to fuel 294 consumption and carbon balance. The similar trend was proven also for SO2, which is almost 295 linearly dependent on the cyclic energy delivery [24] as presented in the Appendix, so SO2 296 emissions will not be discussed here. However, it has to be noted that when fuels with high 297 sulphur content are used, appropriate exhaust after treatment technologies are required (i.e. wet 298 scrubbing) and engine design should be adapted to high sulphur content in exhaust gasses to 299 avoid problems with corrosion due to H2SO4 formation. 300
Emissions were measured in all operating points presented in Table 3 and Table 4 . The only 301 exception were emission measurements in the operating points with seriously impaired 302 combustion process, i.e. in the operating points with unstable or no combustion, where exhaust 303 gas analysis was not performed in order to protect the emission equipment due to expected 304 concentrations outside of the measuring range. 305
Results and discussion
306
Combustion parameters 307
In this section, the thermodynamic parameters and emissions for all cases, listed in Tables 3  308  and 4 are presented. Performances of TPO and D2 are compared in order to analyse the 309 interrelation between injection strategies and combustion characteristics of the TPO fuel in the 310 modern turbocharged and intercooled Diesel engines. In the Fig. 3 in-cylinder pressure traces 311 (3a and 3f), ROHR (3b and 3g), rate of pressure rise (3c and 3h), in-cylinder temperature traces 312 (3d and 3i) and injector energizing times (3e and 3j) depending on crank angle are presented. 313
In both operating points, a comparison will be made between D2 and TPO parameters. 314
Operating points without pilot injection 315
First, operating points without the pilot injection will be analysed as this establishes a link to 316 previous studies listed in the introduction that were to the best of authors' knowledge all 317 performed without the pilot injection. In Fig. 3 operating points without the pilot injection are 318 denoted by "D2_NP" and "TPO_NP", 319
It is discernible from Fig. 3 that, at 1500 rpm and 80 Nm (this corresponds to slightly more than 320 35% of the maximum torque), no combustion is present when using the TPO. Only slightly 321
negative ROHR values that are related to fuel evaporation can be observed after fuel injection. 322
This result is fully in line with the conclusions drawn in [12] , where stable combustion with 323 pure TPO was achieved only at high loads and in a turbocharged engine without the intercooler 324 as sufficiently high temperature was required at SOI. This result is also in line with the results 325 of other studies that increasing temperature at SOI, increasing a cetane number of the TPO 326 either with cetane improvers or blending with D2 is required to establish a stable combustion 327 with the TPO. 328
Unlike for the TPO, stable and efficient combustion can be achieved without pilot injection 329 when using D2 fuel at 1500 rpm and 80 Nm, which is mainly due to its higher cetane number 330 and thus lower activation energy. However, due to the lack of pilot injection and thus longer 331 ignition delay period, combustion of D2 is also characterized by intense premixed combustion. 332
This results in a higher rate of pressure rise, which exceeds threshold of 5.5 bar/°CA that is 333 often set as the upper limit [29, 30] . 334 Fig. 3 -right indicates that at 1500 rpm and 140 Nm (this corresponds to slightly more than 335 65% of maximum torque) TPO ignites despite the absence of the pilot injection. This can mainly 336 be attributed to slightly higher temperatures around the TDC. At this point, it should be noted 337 that the use of TPO was subjected to extremely irregular combustion and cycle-to-cycle 338 variability in this operating point was very high. Therefore, cycle averaging could not be 339 performed and thus the thermodynamic parameters, depicted with the curve "TPO_NP", are 340 calculated on the basis of a filtered pressure curve of a single cycle, where the mixture was 341 successfully ignited (there were also non-firing cycles present The baseline case analysed in this study (D2) features the same injection parameters and 357 injection pressure as the original ECU injection strategy, whereas the case "TPO" features 358 adapted duration of the main injection to meet the same BMEP values, featured in D2 cases. 359
In Fig. 3 at 1500 rpm and 80 Nm it can be seen that introduction of pilot injection represents a 360 key modification that allows successful utilization of the TPO in turbocharged and intercooled 361
Diesel engines even at low loads. When timing of injection parameters was unaltered (case 362 TPO), the premixed combustion of TPO resembles the one of the D2 fuel without pilot injection 363 (D2_NP) featuring also similar rates of pressure rise that can be considered at an upper 364 acceptable limit (5.5 bar/°CA) in terms of long-term engine operation. The ROHR curve 365
indicates successful ignition of pilot injection that allows for successful ignition of the main 366 injection. Comparing cases TPO and D2, both with pilot injection, it can be concluded that TPO 367 features about 10°CA longer ignition delay period of the pilot injection than D2, which is 368 mainly the consequence of a lower cetane number of the TPO. As a result, the TPO case features 369 lower in-cylinder temperature at SOI of the main injection, which, in combination with its lower 370 cetane number, results in a longer ignition delay period of the main injection yielding more 371 intense premixed combustion and thus higher values of the rate of pressure rise compared to 372 the D2 case. 373
Similar trends can also be observed at 1500 rpm and 140 Nm. In the TPO case, there is again a 374 longer ignition delay period of the pilot injection of approx. 10°CA, compared to the D2 case. 375
This also results in more pronounced premixed combustion peak, which is at this operating 376 point less exposed at first sight than it is followed by more intense diffusion contribution to the 377 ROHR, which is similar for the TPO and the D2 case. 378
Shifted TPO injection 379
It was presented in the previous section that introduction of the pilot injection is a pre-requisite 380 to successful utilization of the TPO in turbocharged and intercooled Diesel engines. However, 381 it was also shown that, when applying the same injection strategy as for the D2, TPO features 382 more intense premixed combustion and thus higher rates of pressure rise. This section therefore 383 analyses the potential of the shift of the pilot injection (Table 4) to reduce intensity of the 384 premixed combustion of the TPO with the goal to achieve more Diesel-like combustion of the 385 TPO injected in the main injection. 386 Fig. 3 indicates that shifting pilot injection of the TPO from -30°CA to -25°CA in the operating 387 point 1500 rpm and 80 Nm (TPO_SH_5) results in a similar ignition delay as in the case without 388 the injection shift (TPO), thus yielding later combustion of the fuel injected in the pilot 389 injection. However, as the pilot injection was injected later in the compression phase, the in-390 cylinder charge features higher pressure and thus density resulting in lower spray liquid length 391
[55] and wider spray-spreading angles [56] . ROHR trace for the case TPO_SH_5 thus indicates 392 that injection of the main TPO quantity in this larger volume of burning TPO which was injected 393 during pilot injection reduces the ignition delay period of the main injection and thus results in 394 less intense premixed combustion as well as Diesel-like combustion of the TPO injected in the 395 main injection. Shift of pilot injection therefore also reduces the value of the rate of pressure 396 rise for the TPO_SH_5 under 4 bar/°CA. 397
The same procedure of shifting the pilot injection was also applied to the operating point at 398 1500 rpm and 140 Nm, where pilot injection was retarded from -31°CA to -22°CA, denoted as 399 "TPO_SH_9". Unlike in the operating point 1500 rpm and 80 Nm, it can be observed that at 400 1500 rpm and 140 Nm, the shift in pilot injection resulted in more intense ROHR during the 401 early phase of the combustion of the TPO injected during the pilot injection. This can again be 402 attributed to wider spray spreading angle, which causes more intense mixing of the fuel with 403 the in-cylinder charge and thus more intense heating of the TPO, which at this operating point 404 results in reduced ignition delay followed by a more intense ROHR of the TPO injected during 405 the pilot injection. Consequently, reduced intensity of the premixed combustion of the TPO 406 injected in the main injection and thus its more Diesel-like combustion can also be observed 407 for the operating point 1500 rpm and 140 Nm. 
Emissions 415
In this section, the emission response of the analysed operating points (Table 3 and Table 4) is  416 presented. As indicated in section 3.2.2, emissions were not measured in operating points with 417 unstable or no combustion, i.e. TPO_NP_158 and TPO_NP_1514, and thus these results are 418 not presented in this section. The main reason for this is protection of measuring hardware. A 419 seriously impaired combustion process was already identified from in-cylinder pressure 420 analysis in the above section and emissions surpassing analyser measuring range were expected 421 as described in Section 3.2.2. 422
The following sections present results with the original ECU injection strategy, i.e. with pilot 423 injection, where remarkably similar emission response to D2 is demonstrated in medium-load 424 point and results in shifted pilot injection timing. The results are grouped in Fig. 4 , where: 425  D2 is denoting D2 with ECU injection strategy, 426  TPO is denoting tire pyrolysis oil with ECU injection strategy, 427 TPO_SH is denoting tire pyrolysis oil with shifted injection strategy as described in 428 Table 3 and Table 4 (numbers related to the shift angles are not added in this section 429 to preserve clarity of notations in the figures, whereas they are identical to those 430 specified in Tables 3 and 4)  431  432 4.2.1 Low-load operation -1500 rpm and 80Nm 433
THC emissions 434
At 1500 rpm and 80 Nm, the THC emissions of TPO with pilot injection and original injection 435 timing (Fig. 4b) are slightly above those of D2, which is in line with several studies, found in 436 the literature [24, 28, 37] . This can be mainly attributed to two facts. First, the TPO is composed 437 of a higher share of ignition-resistant hydrocarbons [57] . Second and more important, at 1500 438 rpm and 80 Nm, the TPO is characterized by longer ignition delay of pilot injection (Fig. 3) . 439
During this period, the TPO is subjected to a higher rate of premixing, which can influence the 440 THC emissions through two mechanisms: 441  Prolonging the premixing process due to ignition delay results in increasing the air-fuel 442 ratio of the premixed mixture, which could increase the volume of the mixture outside 443 the flammability limits at the lean end. 444  Migration of the mixture into colder parts of the combustion chamber (i.e. near wall 445 regions, crevices). This prevents ignition and leads to local flame extinctions, which is 446 more pronounced for the TPO due to its low cetane number of TPO [36] . 447
At 1500 rpm and 80 Nm, the THC emissions of the case with shifted pilot injection of the TPO 448 (TPO_SH) from -30°CA to -25°CA slightly increase above those of TPO with original injection 449
timing. This is due to a later pilot injection, where higher density and temperature of the cylinder 450 charge reduces spray liquid length [55], whereas higher density also contributes to larger spray-451 spreading angle [56] , which leads to a more dispersed spray. This can effectively increase the 452 air-fuel ratio of premixed mixture and result in larger volumes of the mixture which is outside 453 of flammability limits or compressed into crevices and near-wall regions where ignition is 454 difficult and unreacted or partially reacted hydrocarbons are retained. 455
CO emissions 456
For 1500 rpm and 80 Nm, the trends of CO emissions for TPO and TPO_SH (Fig. 4a) 
NOx emissions 467
The combustion of the TPO at 1500 rpm and 80Nm is also characterized by higher NOx 468 emissions (Fig. 4c) Nm) compared to those at low load (1500 rpm and 80 Nm). 488
THC emissions 489
First, at 1500 rpm and 140 Nm, the THC emissions (Fig. 4b) Fig. 4a) , which reduces the entrapment of mixture into colder parts of the combustion chamber. 503
CO emissions 504
The CO emissions in Fig. 4a 
NOx emissions 518
The NOx emissions for 1500 rpm and 140 Nm in Fig. 4c are increased in comparison to 80 Nm 519 load point, which was showed also in study by Murugan et al. [28] . This is again strongly linked 520 to temperature levels in the combustion chamber, which are in the 140 closer to the TDC indicating that higher share of fuel burns earlier in the expansion stroke 536 yielding higher indicated efficiency. 537
At both loads, i.e. 80 Nm and 140 Nm, IFCEs are lower when the TPO is utilized. This can 538 mainly be reasoned by the longer ignition delay of the main injection compared to the D2 cases 539 resulting in combustion mid-point shifted farther into the expansion stroke. 540
For the D2 fuel, omission of the pilot injection leads to slightly lower IFCE at 80 Nm due to 541 longer ignition delay of the main injection, whereas at 140 Nm it leads to slightly higher IFCE, 542 which can mainly be attributed to lower negative torque in the compression stroke as ROHR 543 trace corresponding to main injection features similar mid-point in both cases. For the TPO case 544 without PI, longer ignition delay of the TPO again results in lower IFCE at 140 Nm. 545
For both engine loads, shifting the PI of the TPO towards the TDC results in shorter ignition 546 delay and slightly higher IFCE compared to the ECU injection strategy and the use of the TPO. 547
In the case of shifted PI towards the TDC, increase in the IFCE can be achieved due to shorter 548 ignition delay of the main injection of the TPO that allows for higher share of the injected fuel 549 to be burned closer to the TDC. 
Conclusion
555
The paper presents the foremost results of utilizing the pure TPO in a modern turbocharged and 556 intercooled Diesel engine without any hardware modifications or enhancements of fuel 557
properties. This goal is pursued as on one side the use of pure TPO is the most attractive option 558 in the case of energy recovery from waste and on the other side, its use in modern turbocharged 559 and intercooled Diesel engine without any hardware modifications lowers power plant cost and 560 boosts effective efficiency of the engines or CHP units. 561
Performed in-depth analysis of thermodynamic and emission response on various injection 562 strategies indicate that at least one pilot injection is needed for efficient combustion of pure 563 TPO fuel in modern turbocharged and intercooled Diesel engine, which presents a novelty in 564 comparison to existent methods for utilization of pure TPO in Diesel engines that mainly rely 565 on hardware modifications. Furthermore, the analysis suggests that Diesel-like combustion can 566 be achieved also at low-mid engine loads and speeds with pure TPO if pilot injection is retarded 567 in relation to original ECU injection strategy. 568
Emission levels which are comparable to the D2 ones can be achieved with the TPO and the 569 proposed injection strategy. This is particularly valid for medium engine loads, where 570 moderately higher NOx emissions mirror the high share of FBN in TPO and marginally higher 571 CO emissions suggest higher sensitivity of TPO to air-fuel ratio. Slight elevation of THC 572 emissions was mainly attributed to differences in ignition delay of the TPO and to the fuel 573 cetane number. 574
The significance of this study can be recognized in elaborating on the key guidelines on 575 injection strategy and demonstration of the minimally invasive method to successfully use pure 576 TPO in the modern turbocharged and intercooled Diesel engine. Although the findings of the 577 study present an important advancement in expanding the operating range of the Diesel engine 578 while using the TPO, the engine still needs to be started with the D2 fuel. 579 SO 2
